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Flow behaviour of dielectric liquids
in an electric ﬁeld
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A family of 10 silicone oils with electrical conductivity ∼10−13 Sm −1 (a regime hitherto
systematically unexplored) and viscosities ranging from 1 to 2000mPas have been
subjected to an electrical ﬁeld of up to 1.5kVmm−1 during ﬂow from a needle. The
ﬂow behaviour of these liquids is investigated experimentally in the ﬂow rate regime
10−8–10−12 m3 s−1 and we analyse the results using the Ohnesorge number. Due to
the low electrical conductivity and high electrical relaxation time of the silicone
oils, only unsteady transient jets were found. The onset of this type of jetting has
been deﬁned using current measurements and, in contrast to conducting liquids, the
non-dimensional jet diameter increases with increase in Ohnesorge number. The time
elapsed between the start and ﬁnish of jetting increases with increasing Ohnesorge
number.
1. Introduction
The ﬂow of liquids in a high-voltage-driven electric ﬁeld has received much attention
in the last two decades because of the phenomenon of jetting and droplet generation,
which have numerous applications in agriculture, bioengineering, environmental
engineering and materials science (Fenn et al. 1989; Gomez et al. 1998; Jayasinghe
& Edirisinghe 2002). Viscosity and electrical conductivity are two major parameters
of the jet and droplet generation process. However, most of the liquids investigated
have an electrical conductivity in the range of 10−3 to 10−6 Sm −1 and viscosities
<140mPas. Liquids having a lower electrical conductivity have been studied, e.g.
mineral oil (1.7×10−7 Sm −1) and silicone oils (10−12 Sm −1), but by submerging a
charge carrier having a radius <1µm into the liquid to generate enough charge
(Galicki, Berezin & Chang 1996; Balachandran & Machowski 1998).
Decreasing the electrical conductivity to the dielectric regime (10−12 Sm −1) makes
a fundamental diﬀerence to the physical principle governing the process. That is,
in such instances, the electrical relaxation time exceeds the hydrodynamic time and,
therefore, although classical electrohydrodynamic atomization (EHDA) cannot prevail
(Ganan-Calvo, Davila & Barrero 1997), jetting and droplet generation is possible
(Jayasinghe & Edirisinghe 2004a,b). As a family of liquids, silicone oils can have a
wide range of viscosity while other properties such as electrical conductivity, relative
permittivity and surface tension are virtually constant. In addition most silicone
oils are dielectric and allow the systematic exploration of the conductivity regime
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Viscosity Density Surface tension Relative DC electrical
Samples η (mPas) ρ (kgm−3) σ (mNm−1) permittivity ε conductivity κ (Sm−1)
S1 0.8 818 17.4 2.29 2×10−13
S2 4.6 920 19.7 2.59 1×10−13
S3 9.3 934 20.1 2.64 1×10−13
S4 19.0 949 20.6 2.68 1×10−13
S5 48.0 960 20.8 2.71 1×10−13
S6 96.0 960 20.9 2.73 1×10−13
S7 194.0 970 21.0 2.74 1×10−13
S8 485.5 971 21.1 2.75 1×10−13
S9 971.0 971 21.2 2.75 1×10−13
S10 1942.0 971 21.2 2.76 1×10−13
Table 1. Properties of the silicone oils.
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Figure 1. Experimental setup used in this work.
10−13 Sm −1 while viscosity is varied from 1 to 2000mPas, a range of signiﬁcant
importance to materials processing (Jayasinghe & Edirisinghe 2005). This is the
subject of the present investigation, which is relevant to the study of the discharge of
isolated microdrops of low-electrical-conductivity and high-viscosity-liquids raised to
the Rayleigh limit (Li, Tu & Ray 2005).
2. Experimental details
The samples of silicone oils used in this investigation were obtained from Univar
Ltd., Greenwich, UK. The physical and electrical properties of the samples such as
density (ρ), viscosity (η), surface tension (σ), electrical conductivity (κ) and relative
permittivity (ε) were provided by the supplier table 1.
The experimental setup used in this work is shown in ﬁgure 1. The stainless steel
needle, which has an oriﬁce diameter of 330 µm, was held in epoxy resin and connected
to the positive terminal of the power supply (Glassman Europe Ltd., Tadley, UK). The
liquid was delivered to the needle through a silicone rubber tube by a syringe pump
(HARVARD Apparatus Ltd., Edenbridge, UK). A ring-shaped electrode (internal
diameter 15mm and external diameter 19mm) was earthed and held 10mm belowFlow of dielectric liquids in an electric ﬁeld 105
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Figure 2. Variation of hydrodynamic time (th) at diﬀerent ﬂow rates and electrical
relaxation time (te) with Ohnesorge number.
the needle. A high-speed camera (Weinberger AG, Dietikon, Switzerland) was used to
study the oil exiting the needle. The experiments were carried out in the ﬂow rate (Q)
regime of 10−8 to 10−12 m3 s−1 and the applied voltage was varied up to 15kV. The
ﬂow rates quoted refer to the rate of liquid pumped to the meniscus. The deﬁnition of
the ﬂow rate is particularly important in the present work as in an unsteady scenario
the ﬂow rate into the liquid meniscus could be quite diﬀerent to the ﬂow rate delivered
via the jet.
The charging current was measured by connecting a Fluke 189 digital multimeter
to the power supply according to speciﬁcations given by the manufacturer of the
power supply used. Three current readings were taken for each silicone oil with the
applied voltage set at 10kV at ﬂow rates of 10−10 m3 s−1 and 10−12 m3 s−1, conditions
which caused the onset of unstable transient jetting reported in this paper.
3. Results and analysis
In the Rayleigh break-up or capillary break-up process, the Ohnesorge number
oh=η/(ρσl0)1/2 and capillary time tc =(ρl3
0/σ)1/2 are the two relevant non-
dimensional parameters (Lopez-Herrera & Ganan-Calvo 2004; McKinley 2005),
where l0 is the characteristic length, which is taken as 330µm, the oriﬁce diameter. The
family of silicone oils investigated in this work has a very low electrical conductivity
(∼10−13 Sm −1), a similar density, relative permittivity and surface tension, parameters
which aﬀect their ﬂow in an electric ﬁeld (Rosell-Llompart & Fern´ a n d e zd el aM o r a
1994; Chen & Pui 1997; Ku & Kim 2002). Therefore, in our work the Ohnesorge
number represents the viscosity eﬀects and is selected as the basis for the analysis of
the results.
Using the values in table 1, in the ﬂow rate range of 10−8–10−12 m3 s−1, if the jet
length takes the value of 0.01m (the distance between the tip of the needle and ground
electrode), the relaxation time te is in the range of 100–240s, while the hydrodynamic
time th10 and th12 at ﬂow rates of 10−10 m3 s−1 and 10−12 m3 s−1 shown in ﬁgure 2 are
in the range of 0.001–40. Here, te = εε0/k,w h e r eε0 is the permittivity constant of
vacuum (8.85×10−12 Fm −1)a n dth =Lj 2
d/Q,w h e r eL is the jet length and jd is the jet
diameter. Therefore, te  th, and classical EHDA does not take place in these liquids.
At 10−9 m3 s−1, all the silicone oils investigated in this work exhibited dripping as
illustrated in ﬁgure 3. At higher ﬂow rates (e.g. 10−8 m3 s−1), th is reduced even further
and therefore the diﬀerence between te and th increases and EHDA is even more106 H. B. Zhang, M. J. Edirisinghe and S. N. Jayasinghe
640 µm
Figure 3. Dripping in sample S5 (see table 1) at 10−9 m3 s−1 and 10kV; the dotted line
indicates the exit of the needle.
640 µm
(a)( b)( c)( d)
Figure 4. Unsteady jetting in sample S2 at 10−10 m3 s−1 and 10kV; the dotted line indicates
the exit of the needle. The frames were taken in sequence (every 1.5ms) and indicate (a) jetting
about to start; (b)a n d( c) jetting; (d)n oj e t .
unlikely. In fact, it was not possible to initiate jetting in the entire range of applied
voltages (up to 15kV) and the ﬂow rate regime 10−8 to 10−9 m3 s−1.
At 10−10 m3 s−1, all samples were found to be dripping at an applied voltage <9kV .
Above 9kV, unsteady transient jets were initiated in all the samples (e.g. ﬁgure 4).
At 10−12 m3 s−1, the samples generate such jets at a lower applied voltage of 6kV
below which dripping takes place. This jet evolves from a ball–cone (Jayasinghe &
Edirisinghe 2004b) formed at the tip of the needle and a ﬁne jet is ejected from the
apex of the cone (ﬁgure 5). We use the more appropriate term ‘unsteady’ rather than
‘unstable’ to describe these jets. This is because charged or uncharged capillary jets
are unstable, breaking up in a normal or lateral unstable mode and in EHDA, in the
widely quoted stable cone–jet mode, steady jets originate from the vertex of a conical
meniscus. In contrast, in the work reported here steady jets are not found and only
unsteady jets prevail.Flow of dielectric liquids in an electric ﬁeld 107
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Figure 5. The formation of the ball–cone and unsteady jetting in S1 at 10−10 m3 s−1
and 10kV.
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Figure 6. The variation of non-dimensional jet diameter as a function of the
Ohnesorge number.
Figure 6 shows the relationship between non-dimensional jet diameter Jd = jd/l0
and Ohnesorge number for ﬂow rates of 10−10 and 10−12 m3 s−1 at 10kV. The jet
diameter jd was measured at the point just before the jet breaks up. The measurements
were carried out using image processing software (Image Pro-Express) and calibrated
using an image of known diameter. This measurement is accompanied by an error
bar calculated using ﬁve independent readings. It was found that with increase in
Ohnesorge number the non-dimensional jet diameter increases. At lower ﬂow rates,108 H. B. Zhang, M. J. Edirisinghe and S. N. Jayasinghe
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Figure 7. Change of shape of pendant liquid at the needle exit (dotted line) in (a)S 1 ,( b)S 3 ,
(c)S 6 ,( d)S 9a n d( e) S10 at 10−10 m3 s−1 and 10kV.
640 µm
Figure 8. Change of shape of pendant liquid at the needle exit in S10 on increasing applied
v o l t a g ef r o m1 0k Vt o1 4k Va t1 0 −10 m3 s−1.
the non-dimensional jet diameter is smaller and the corresponding equations for ﬂow
rates of 10−10 and 10−12 m3 s−1 are
Jd10 =0 .02oh +0 .004, (1a)
Jd12 =0 .008oh +0 .004, (1b)
where Jd10 and Jd12 are the non-dimensional jet diameters for the ﬂow rate of 10−10
and 10−12 m3 s−1, respectively.
The shape of the pendant liquids at the exit of the needle also changes with viscosity.
With increasing viscosity, it becomes deeper as shown in ﬁgure 7. This was also found
by Watanabe, Matsuyama & Yamamoto (2003) for conducting liquids. Figure 8
illustrates how the shape of the pendant liquid at the exit of the needle changes with
applied voltage, where increase in applied voltage increases the electrical stresses and
elongates the pendant liquid, changing the shape from parabolic to triangular.
Electric charges are induced at the surface of the meniscus and as the applied
voltage was gradually increased the charges build up and eventually result in the
unsteady transient jet. We deﬁne the dimensionless charging current as I =I/I0,w h e r e
I0 =(ε0σ2/ρ)1/2 ≈2×10−9 nA (Ganan-Calvo et al. 1997; Higuera 2004). I increases
with the Ohnesorge number (ﬁgure 9) because a larger liquid meniscus prevails as
viscosity increases. The charging current also increases with increasing ﬂow rate and
this is consistent with the fact that a larger meniscus and jet diameter occurs at higherFlow of dielectric liquids in an electric ﬁeld 109
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Figure 9. The variation of non-dimensional charging current (I) with Ohnesorge
number at 10−10 m3 s−1 and 10−12 m3 s−1,1 0k V .
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Figure 10. The variation of non-dimensional time elapsed between start and ﬁnish of jetting
(Jt) with Ohnesorge number.
ﬂow rates. The relationships between the current and Ohnesorge number are
I10 =5 9 .5e
0.094oh, (2a)
I12 =4 9 .6e
0.091oh, (2b)
where I10 and I12 are the non-dimensional charging currents for ﬂow rates of
10−10 m3 s−1 and 10−12 m3 s−1, respectively.
The frequency of unsteady jetting of these silicone oils is much lower than that for
liquids undergoing EHDA (Jaworek & Krupa 1999). At a set applied voltage and ﬂow
rate, a ﬁnite time lapses before a jet is ejected from the cone apex. This is because te is
very large compared with conducting liquids, therefore it takes a longer time for the
charge to reach the surface of the liquid and for the electrical stresses to take eﬀect.
The jetting time tj, deﬁned as the time taken for jetting to start and ﬁnish, shown
in ﬁgure 4, increases with increasing viscosity and this phenomenon is quantiﬁed in
ﬁgure 10, where non-dimensional jetting time is deﬁned as Jt = tj/tc. Since the other
properties of the silicone oils, except the viscosity, are nearly equal, forces, such as
the liquid pressure, gravity, surface tension, inertia and electrical stresses, acting on
the liquid surface of each silicone oil are approximately the same. The viscosity force
prevents liquid from ﬂowing and therefore it is the reason for the longer jetting time at
a higher viscosity. At higher ﬂow rates, e.g. 10−10 m3 s−1 compared with 10−12 m3 s−1,110 H. B. Zhang, M. J. Edirisinghe and S. N. Jayasinghe
Jt is larger (ﬁgure 10). The relationship between Jt and Ohnesorge number ﬁts the
following equations:
Jt10 =0 .11oh
3 − 0.94oh
2 +3 .22oh − 0.090, (3a)
Jt12 =0 .10oh
3 − 1.13oh
2 +4 .23oh − 2.38, (3b)
where Jt10 and Jt12 are the non-dimensional jetting times for ﬂow rates of 10−10 m3 s−1
and 10−12 m3 s−1, respectively.
4. Conclusions
This study shows that in the family of dielectric liquids with electrical conductivity
∼10−13 Sm −1, only unsteady jets can be generated. The onset of unsteady transient
jetting is characterized using the charging current. The experimental data show that
the jet diameter increases linearly with increase in Ohnesorge number, and at lower
ﬂow rates the jet diameter is smaller. The shape of the pendant liquid at the exit of
the needle elongates with increasing viscosity, and on increasing the applied voltage
its shape changes from parabolic to triangular. The time elapsed between the start
and ﬁnish of the unsteady jet increases with increasing Ohnesorge number, the trend
ﬁtting a third-order polynomial, and at lower ﬂow rates this time span is smaller.
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